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Supplementary Materials
Prediction and Validation of a Mechanism to Control the
Threshold for Inhibitory Synaptic Plasticity
Yuichi Kitagawa, Tomoo Hirano, Shin-ya Kawaguchi Modified from Kawaguchi and Hirano, 2002. Long-term potentiation of GABA A receptor-mediated inhibitory synaptic transmission is induced by postsynaptic neuronal depolarization at cerebellar inhibitory interneuron-Purkinje neuron synapses (Kano et al., 1992) . This LTP at inhibitory synapses is called rebound potentiation (RP). RP induction depends on an increase in intracellular Ca 2+ concentration and the resultant activation of CaMKII (Kano et al., 1996) . On the other hand, RP induction is suppressed by presynaptic activation during the postsynaptic depolarization through activation of postsynaptic GABA B receptors (GABA B Rs) (Kawaguchi and Hirano, 2000) . The signaling cascades regulating RP and its suppression are presented in Figure SI-0 (Kawaguchi and Hirano, 2002) . GABA B R reduces the amount of cAMP and the PKA activity through inhibiting adenylyl cyclase.
Reduced PKA activity allows effective activation of PP-1 through dephosphorylation of DARPP-32 by calcineurin. Thus, GABA B R activation leads to augmented PP-1 activity, which counteracts the CaMKII activity, resulting in the suppression of RP.
To systematically analyze the mechanism of regulation of RP, a kinetic simulation model for the signaling cascades was constructed based on the previous studies with some modifications.
Intracellular cAMP is broken down by phosphodiesterases (PDEs) such as PDE1 and PDE4 in Purkinje neurons. PDE1 is activated by Ca 2+ /CaM, which is negatively regulated by CaMKII-mediated phosphorylation (Hashimoto et al., 1989) . CaMKII phosphorylated by itself at Thr286 (in  subunit) /Thr287 (in  subunit) and Thr305/306 is dephosphorylated not only by PP-1 but also by PP2A and PP2C (Lai et al., 1986; Fukunaga et al., 1993) . is also dephosphorylated by PP2A and PP2C (Hemmings et al., 1984a) . Unlike pyramidal neurons in hippocampal CA1 area, Purkinje neurons seem not to express Ca 2+ /CaM-dependent adenylyl cyclases such as type1 and 8 (Cooper et al., 1995) .
Thus, we here assumed the basal activity of the G s -type of G protein, which activates adenylyl cyclase, so that the basal concentration of cAMP is around 0.1 M (Alberts et al., 2002) . G s -coupled receptors such as dopamine receptors, serotonin receptors, and metabotropic glutamate receptors are expressed in Purkinje neurons (Schweighofer et al., 2004; Sugiyama et al., 2008) . Details about the biochemical reactions are described in the following sections.
Biochemical reactions in the signaling cascades are represented either as binding-dissociation reactions or enzymatic reactions. For example, a binding reaction in which A and B bind to form complex AB is expressed as the following equation:
,
where k f and k b are the rate constants for the forward and backward processes.
These rate constants are determined by the dissociation constant K d and time constantK d is defined as k b /k f , and  reflects the velocity of the reaction toward equilibrium.
Enzymatic reactions were expressed with the Michaelis-Menten formulation:
where S, E, and P are substrate, enzyme, and product, respectively. The
where [E] total is the total concentration. We assumed k -1 / k cat = 4 for all enzymatic reactions (Bhalla and Iyenger, 1999) .
All simulations were performed using GENESIS software with kinetikit interface (Bhalla and Iyenger, 1999) . Multiple ordinary differential equations were numerically solved by the exponential Euler method with a time step of 1 msec except for a certain period around stimulation. The integration time step was set at 0.01 msec between the onset of stimulation and 200 sec after the end of stimulation to minimize the calculation error. When testing robustness of the simulation model by altering each parameter over a wide range, the integration time step was optimized to minimize the error. This supplementary information shows details about the molecular interaction of the model in Section I, and the results of parameter sensitivity analysis on the performance of the model in Section II.
The SBML version of the model was constructed using CellDesigner 4.0.1 (Funahashi et al., 2003) .
Section I

Molecular interactions in the model for RP regulation 1. Ca 2+ -CaM binding
Here, the activation process of calmodulin (CaM) by Ca 2+ (Holmes, 2000) was simplified. Although each CaM has four Ca 2+ -binding sites, binding of two or three Ca 2+ is sufficient to activate CaM (Chin and Means, 2000) . Thus, here we consider only three Ca 2+ binding sites, similarly to other recent modeling studies (Holmes, 2000; Urakubo et al., 2008) . Our simplified model showed that 50 % activation of CaM is brought about by ~ 10 -5 M Ca 2+ , in accord with the experimental results (Tan et al., 1996; Grabarek, 2005) . imaging in this study was around 0.09 ~ 0.1 M, in accord with previous studies (Sabatini et al., 2002) . 
Activation of CaN by Ca 2+ /CaM
The catalytic subunit of calcineurin (CaN) has a binding site for Ca 2+ /CaM, and the regulatory subunit of CaN has four binding sites for Ca 2+ ion.
The bindings of both Ca 2+ and Ca 2+ /CaM are involved in activation of CaN. One site is bound to Ca 2+ in the basal [Ca 2+ ] i , and the other three sites bind to Ca 2+ with apparent K d ≤ 1 M (Klee et al., 1998; Rusnak and Mertz, 2000) . On the other hand, the apparent K d value for the interaction of CaM with Ca 2+ is one order higher (Tan et al., 1996; Holmes, 2000; Grabarek, 2005) . Therefore, the affinity of Ca 2+
and CaM is much lower than that of Ca 2+ and CaN, suggesting that the determinant factor for activating CaN in the physiological condition is Ca 2+ /CaM rather than Ca 2+ by itself. Thus, for simplicity here we considered only Ca 2+ /CaM binding to CaN. Using this simplified model with GENESIS/kinetikit, we also confirmed that omitting the direct binding of Ca 2+ to CaN had little effect on the concentration-response curve for CaN activation by Ca 2+ (data not shown). Calcineurin is abundantly expressed at synaptic sites (Gomez et al., 2002) . 
3-1. Regulation of CaMKII activity
CaMKII is activated by binding to Ca 2+ /CaM. Active CaMKII autophosphorylates Thr286 in  subunits and Thr287 in  subunits (marked by *). The phosphorylated
CaMKII retains the activity even after dissociation of Ca 2+ /CaM. Autophosphorylation at Thr305 (in  subunits) and Thr306 (in  subunits) (marked by **) occurs very slowly after the dissociation of Ca 2+ /CaM, which suppresses Ca 2+ /CaM binding (Lisman et al., 2002) . Phosphorylated Thr286/287 and Thr305/306 are dephosphorylated by PP1
and PP2 (such as PP2A and PP2C). Here we focused on regulation of CaMKII by PP1, which has been demonstrated to play a critical role in RP regulation (Kawaguchi and Hirano, 2002; Sugiyama et al., 2008) . Thus, in this model we did not deal with PP2A or PP2C in detail, and assumed a certain basal PP2 activity. CaMKII is abundantly located at synaptic sites (Lisman et al., 2002) . In Purkinje neurons, the  and CaMKII-dephosphorylating PP2s, such as PP2A and PP2C, are expressed in Purkinje neurons (Abe et al., 1992 (Abe et al., , 1994 Lai et al., 1986; Fukunaga et al., 1993) .
Thus, we assumed the basal activity of PP2, whose regulatory mechanism was not included here. CaMKII has about 10 times higher affinity for Ca 2+ /CaM than CaMKII (Brocke et al., 1999) . The dissociation constant of CaMKII is about 50 nM (Meyer et al., 1992; De Koninck and Schulman, 1998; Bradshow et al., 2003 (Watanabe et al., 2001; Bradshow et al., 2003) .
The basal dephosphorylation of CaMKII by PP2 was assumed to be slightly weaker than that by PP1 (Strack et al., 1997; Fjeld and Denu, 1999) .
3-2. Autophosphorylation of CaMKII
CaMKII functions as a holoenzyme consisting of about 12 subunits (Lisman et al., 2002) . Autophosphorylation of CaMKII at Thr286/287 and Thr305/306 takes place between neighboring active subunits in each holoenzyme (intra-holoenzyme phosphorylation) (Lisman et al., 2002; Hudmon and Schulman, 2002a,b) . On the other hand, the possibility that a CaMKII subunit is phosphorylated by a different holoenzyme when several holoenzymes are self-assembled cannot be excluded (inter-holoenzyme phosphorylation) (Hudmon et al., 2005) . Furthermore, a CaMKII subunit might also be phosphorylated by another single subunit which is not a component of a holoenzyme.
Here we assumed that CaMKII is regulated by both intra-and inter-holoenzyme phosphorylation, as follows:
where V (X) (X = 286/287 or 305/306) is the velocity of phosphorylation at the X th residue, and V (X)intra-holo and V (X)inter-holo (X = 286/287 or 305/306) represent the rates of phosphorylation at the X th residue by intra-and inter-holoenzyme reactions, respectively.
In this study, V (X)intra_holo and V (X)inter_holo were unintentionally similar due to the parameters used. It should be noted that the total phosphorylation velocity V (X) (sum of inter-and intra-holoenzyme reactions) was comparable to the previously reported rate constant for the intra-holoenzyme reaction (Bradshow et al., 2002) .
Inter-holoenzyme phosphorylation at Thr286 or Thr305 (V (X)inter-holo ; X = 286/287 or 305/306) was expressed based on the Michaelis-Menten mechanism:
where k (X)cat , Sub (X) , Act, and Sub (X) ･ Act represent the rate constant for phosphorylation at the X th residue, the CaMKII subunits whose X th residue can be a substrate for phosphorylation, the total active CaMKII, and the enzyme-substrate complex of Sub (X) and Act, respectively.
and k (X)cat for phosphorylation at Thr286/287 (reaction ID: e5) were 11 M and 2 s -1 (Colbran et al., 1988; Bradshow et al., 2002) , and those for Thr305/306 (reaction ID: e6)
were 13 M and 0.15 s -1 (Colbran and Soderling, 1990) . These rate constants for phosphorylation were lower than those for intra-holoenzyme phosphorylation described below, because the inter-holoenzyme reaction seems to be limited by structural constraints (Hudmon and Schulman, 2002a) .
Intra-holoenzyme phosphorylation at Thr286/287 or Thr305/306 (V (X)intra-holo ; X = 286/287 or 305/306) was expressed as follows:
where Sub (X)intra , k (X)intra , P act represent the CaMKII subunits whose Thr286/287
or Thr305/306 can be phosphorylated by intra-holoenzyme reaction, the rate constant of phosphorylation at the X th residue by a neighboring subunit, and the probability that a neighboring subunit is active for intra-holoenzyme phosphorylation, respectively. Here, k (X)intra for phosphorylation at Thr286/287 was 4 s -1 (Bradshow et al., 2002) , and that for Thr305/306 was 0.27 s -1 (Colbran and Soderling, 1990) . Because of the large number of subunits located at individual synapses, P act was approximated by the CaMKII activity relative to total CaMKII (active / total) with a certain temporal delay as follows:
where Tot and  1 represent the total amount of CaMKII and the time constant of P act change in response to the change of CaMKII activity, respectively. In this study,  1 was set at 5 msec so that the P act rapidly reflects the change of CaMKII activity.
We also assumed that it took some time for the newly produced CaMKII substrates to be ready for phosphorylation by the intra-holoenzyme reaction. The amount of Sub (X)intra was expressed as the following equation:
where  2(X) represents the time constant of [Sub (X)intra ] change in response to the change of the amount of phosphorylatable CaMKII. Unless otherwise stated,  2(286/287) was kept at less than 1.25 msec, and  2(305/306) less than 19 msec in this study, which is much faster than the formation of substrate-enzyme complex via the Michaelis-Menten mechanism. Thus, the intra-holoenzyme phosphorylation could occur immediately after production of substrates. Colbran and Soderling, 1990 ;  was assumed.
GABA A R regulation by phosphorylation/dephosphorylation
It has been reported that the  and  subunits of GABA A Rs are phosphorylated by CaMKII, resulting in augmentation of the receptor responsiveness (McDonald and Moss, 1994; Houston and Smart, 2006) . Furthermore, activation of CaMKII seems to be sufficient to induce RP (Kano et al., 1996) . Thus, here we focused on the level of phosphorylation of GABA A Rs by CaMKII. We assumed that phosphorylated GABA A Rs are dephosphorylated by PP1 and other unspecified phosphatases. (Laurie et al., 1992; Kawaguchi and Hirano, 2007) . Because the ratio between phosphorylated and non-phosphorylated GABA A Rs reflects the amplitude of potentiation, the absolute value of GABA A R is not important. Kinetic parameters for dephosphorylation by PP-1 were determined based on previous biochemical studies (Watanabe et al., 2001; Bradshow et al., 2003) .
Figure SI-4
Regulation of GABA A R by phosphorylation and dephosphorylation.
PP1 regulation through DARPP-32 phosphorylation
When DARPP-32 is phosphorylated by PKA, it binds to PP1 with high affinity and then inhibits the PP1 activity. Phospho-DARPP-32 is effectively dephosphorylated by CaN.
It has also been reported that other protein phosphatases such as PP2A and PP2C dephosphorylate DARPP-32 (Hemmings and Greengard, 1984a) . (Abe et al., 1992 (Abe et al., , 1994 . Their activities are tightly regulated by respective mechanisms which were not incorporated in this model. (Hemmings et al., 1984a) . (Glantz et al., 1992) . (Taylor et al., 1990; Herberg et al., 1996) , parameters were determined so that PKA was activated to half-maximal by 0.5 
Regulation of cAMP by GABA B R, adenylyl cyclase and PDE
When adenylyl cyclase (AC) is activated by binding of GTP-bound G protein  s subunit (GTP s ), cAMP is produced from ATP (Hanoune and Defer, 2001) . Here, to support a certain basal level of cAMP (Kawaguchi and Hirano, 2002; Sugiyama et al., 2008) , the basal concentration of GTP s was assumed. cAMP is hydrolyzed by PDE1, which is activated by Ca 2+ /calmodulin, and by PDE4, which is not Ca 2+ /calmodulin-dependent.
GABA B R is coupled to G i -type of trimeric G protein (G i ). Upon GABA B R activation, GDP in GDP i  is replaced by GTP, followed by dissociation of GABA B R and GTP i Gilman, 1987Then, GTP i dissociates from the subunits. As a result, AC is inhibited by direct binding of GTP i and/or  subunits (Katada et al., 1986 ).
Here we simplified G i -mediated inhibition of adenylyl cyclase by assuming the effect of GTP i alone. The basal concentration of GABA was set at 0.01 M.
Effects of various GABA stimulations on the signaling cascades were examined in this study.
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GABA B R 0.5 GABA B Rs are abundantly expressed in Purkinje neurons (Kaupmann et al., 1998) .
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GDP i  1.5 GABA B R-mediated RP suppression is caused by cAMP decrease through pertussis toxin-sensitive G protein (Kawaguchi and Hirano, 2000) . (Hein et al., 2005 (Hein et al., , 2006 (Hein et al., 2005 (Hein et al., , 2006 . 31 0.7 0.0013 32, 33 10 0.02
Half-maximal activation of adenylyl cyclase is caused by ~nM concentrations of G s (Katada et al., 1986; Feinstein et al., 1991) . We assumed that G i binds to and inhibits adenylyl cyclase with similar affinity. 34, 35, 36 0.33333 0 AC augments the GTPase activity of Gby ~ 5 fold (Brandt and Ross, 1986; Scholich et al., 1999) .
37, 38 0.1 0
It has been clarified that after the end of stimulation, G and  subunits associate with a time constant of 10 -40 sec (Hein et al., 2005 (Hein et al., , 2006 
Regulation of PDE1 by Ca 2+ /CaM and by CaMKII
Calmodulin binding to PDE1 activates the enzyme. It has been reported that CaMKII phosphorylates B-type PDE1 (PDE1B), reducing the affinity for Ca 2+ /CaM to about one-sixth (Hashimoto et al., 1989) . shown in this study, in accord with previous studies (Polli and Kincaid, 1994) . The affinity of PDE1 for Ca 2+ /CaM is extremely high (Meyer et al., 1992) . Parameters for the interaction of PDE1 and Ca 2+ /CaM were determined to accord with the experimental data showing that the half-maximal PDE1 activation is caused by 1 M CaM and 0.7 M Ca 2+ (Zhang et al., 1993; Sharma and Kalra, 1994; Sharma et al., 2006) . The affinity is reduced to one-sixth by CaMKII-mediated phosphorylation (Hashimoto et al., 1989; Zhang et al., 1993; Sharma and Kalra, 1994 dephosphorylation was assumed to be constant. (Hashimoto et al., 1989) . 
Parameter sensitivity analysis of the model for RP regulation
The kinetic simulation model of RP regulation developed in this study includes 130 parameters, listed in 
